This paper proposed an air-electric power hybrid system which utilizes a Field Programmable Gate Array (FPGA) controller to integrate two power systems together, one being the auxiliary power of an air motor and the other an electric power motor. The major task of air-electric power hybrid system is to extend the service life and reduce the change times of the batteries. Because the service life of the batteries is the crucial problem in electric vehicle development and it is related to the transportation distance, standing start or accelerating condition. With the auxiliary power, the batteries can avoid operating in the large discharge range and then promoting the safety. An air-electric power hybrid prototype platform is built with a FPGA controller and tested under the load condition. The testing results obtained by using the proposed two-power hybrid system indicate that the output current is 126A when the electric motor operating in standing start condition and the output current is 64A when the switching velocity is 1400 rpm. Hence, the reduction of the output current is about 49% and then the service life of the batteries can be greatly improved.
INTRODUCTION
According to the MOTC's statistical data, there are more than 14 million motorcycles in Taiwan of 2011 [1] . In addition, the international forecasting institution of Frost Sullivan and Argonne National Laboratory [2] that estimated in 2030, the global automotive sales will reach 130 million, pure electric vehicles will reach 21 million. This estimation shows the importance of electric vehicles development.
There are several advantages to driving an electric vehicle that uses electric motors instead of an internal combustion engine [3] [4] . Also, in general, electric motors perform more efficiently than internal engines [5] . Besides, electric vehicles are compact, quiet to drive, convenient and durable. On the other hand, there are several disadvantages existing in electric vehicles. The vehicle battery's service life, which limited the travel distance, is the most crucial disadvantage [6] . Due to a new idea of using compressed air as the power source for motorcycle is proposed and tested [7] . In this research, we use an air motor as the auxiliary power. Because the power source of air motor is the compressed air, there will be no pollutant of emission to the environment and this is why we use air motor as the auxiliary power.
Compared to electric motors, air motors are cleaner, higher power-to-weight ratio, better compliance and resistance to environmental dangers [8] [9] [10] . Hence, it reduces the probability of electricity shock and fire in high temperature, flammable or explosive environment.
In recent years, the field programmable gate arrays (FPGAs) combined with low cost, convenient software tools and significant integration density. As for the digital signal processors (DSPs), it is to be good at heterogeneous functions and the high level of parallelism of the algorithm is suitable for FPGAs [12] . Based on these above mentioned reasons, we develop a FPGA control system for air-electric power hybrid system. In addition, modular conception is used to divide a complex system into many parts. This top-down methodology shortens the development time and easy to modify for each module. As to the entire control procedure of an air-electric power hybrid system was shown in Fig. 1 . The solid-line represents an air motor control section and the dash-line represents an electric motor control section. By the feedback signals from the airelectric power hybrid system, the on/off valve can adjust the switching frequency and then output the different flow rate of compressed air. Similarly, the drive circuit can adjust the current and then cause the different speed of an electric motor. During this experimental platform, the pressure, flow rate and temperature (measured by RTD) of compressed air and the current, voltage of the battery would be record and collected in data-acquisition system (DAQ). And then we can calculate the service life of the battery and efficiency of these two motors according to these measured data. The air motor control section, with its schematic diagram shown in Fig. 1 , consists of an air tank, a filter/regulator with lubricant, an on/off valve, a pressure sensor, an airflow meter, a temperature sensor, an air motor, a torque transducer and a FPGA chip. Generally, the airflow path starts from an air tank through the on/off valve, other instruments, and finally enters the air motor. The speed of an air motor will be determined by the on/off valves, which is controlled by duty cycle (%) of the linear pulse-width modulation (PWM) scheme. Hence, the different duty cycle values will influence the switching frequency between "On" and "Off" state of the solenoid valves. Through the PWM algorithm, it allows on/off solenoid valves to be used in place of costly proportional servo valves.
NOMENCLATURE
The electric motor control section, with its schematic diagram shown in Fig. 1 , consists of the lead-acid batteries, drive and measurement circuits, a DC brushed motor, a torque transducer, an optical encoder and a FPGA chip. The lead-acid batteries are rated at 12V-60Ah and utilized as the power source for the electric motor. The function of drive circuit is adjusting the input current of the electric motor by the feedback speed signal from an optical encoder. The major element of the drive circuit is the operational amplifier (OP741) and MOSFET (IRL1004). Among this drive circuit, the OP741 receives the PWM signal that generated by the FPGA speed controller and then promotes the voltage. Hence, the promoted voltage signal can control the MOSFET in "On" or "Off" state. By this PWM algorithm, the input current of the electric motor can be adjusted by the drive circuit and result in different speed of the electric motor. Besides, the input current and voltage of the electric motor will be measured by the measurement circuit and recorded in the oscilloscope. Then the degree of electric power saving can be obtained according to the current and voltage variation during the experiment. In addition, the efficiency of an electric motor can be calculated by the ratio of the output energy (product of speed and torque) to the input energy (product of current and voltage). As for the electric motor, a TECO 24V DC brushed motor was adopted in this research which is rated at power of 2.1 kW, a largest torque of 0.69 kg-m and a maximum rotational speed of 3600 rpm. Fig. 2 shows the test platform of air-electric power hybrid system that consist of an optical encoder, an electric motor, a powder brake, couplings, a torque transducer and an air motor. The test procedure of the velocity switch experiment is as follows: Before the experiment, the switch velocity will be determined by user in the FPGA design software. Thus, below the switch velocity, the air motor is the driving source and the electric motor is rotated together with the air motor through the powder brake. On the contrary, the electric motor is the driving source above the switch velocity. During the velocity switch experiment, the torque transducers will measure the torque of an air motor and an electric motor respectively and then the torque signals will be recorded in the data acquisition system. The main purpose of the velocity switch experiment is to observe the torque variation of these two motors and let the batteries avoid operating in the large discharge region in order to saving the energy of the batteries. Fig.2 The experimental air-electric power hybrid system
In the air motor control section, the on/off solenoid valves to be used in place of the costly proportional servo valves. Therefore, the pulse width modulation (PWM) algorithm must be used to accomplish the on/off control. Fig. 3 shows the block diagram of the FPGA on/off controller. The entire block diagram consists of frequency divider module, speed measurement module, valve control module, PWM algorithm module and bypass module. In the frequency divider module, the original frequency is 50 MHz of ALTERA DE0 board that transformed into the 100 kHz. The function of the speed measurement module is to calculate the speed of the air motor by the optical encoder and increase the measure resolution by the quadrature decoder. Then, the operation of the valve control module is fully open of the on/off solenoid valve when the speed of air motor below the determined switch velocity. Oppositely, the on/off solenoid valve is fully close when the speed of air motor above the determined switch velocity. Next, this output signal u will be transformed into PWM signal by using a triangle waveform and a comparator. When the value of the u is more than the triangle waveform, the PWM signal is in the high state, otherwise it is in the low state. In addition, in order to prevent the inner damages of an air motor and saving more compressed air, we use a tube as a bypass pipe that placed between the atmosphere and the inlet of an air motor. Fig. 4 shows the schematic diagram of the bypass device. There are two air sources of an air motor, one is the compressed air and the other is the atmosphere. Hence, when the electric motor is the driving source, the bypass module will send high state signal to the on/off solenoid valve and then the atmosphere will supply air to an air motor. As for the characteristics of an air motor, the testing procedure as follows: (1) Set the load value of powder brake; (2) Set the compressed air pressure by the pressure regulator; (3) Adjust the input voltage of proportional servo valve to cause the different speed of an air motor; (4) During the testing period, the air pressure, airflow rate, rotational speed and torque will be recorded in the data acquisition system. And then we use the statistic software that called "R" to construct the multipleregression model of the air pressure, speed and torque. (1) The speed and torque output response of an air-electric power hybrid system when the switching velocity is 400 rpm was shown in Fig. 6 . When the air motor accelerate to the switching velocity and then the on/off solenoid valve do not supply the compressed air. At this moment, electric motor starts to rotate and accelerate to higher velocity. The dash-line is the entire speed of the hybrid system, the dash-dot line is the torque of an air motor and the solid-line is the torque of an electric motor. There are several phenomena can be observed: (1) In order to start rotating, air motor needed to overcome the maximum static friction torque; (2) the electric motor starts to rotate and accelerate to higher velocity when the electric motor overcome the resistance force produced by the air motor and powder brake; (3) Above the switching velocity, air motor is driven by the electric motor, so the torque value of air motor is negative. Therefore, the proposed air-electric power hybrid system is a feasible scheme.
As for the improvement design, case 1 is the length of the bypass pipe is 2.5 m and case 2 is no bypass pipe. Fig. 7 and 8 shows the speed and torque response of electric motor under the case 1 and 2 respectively. Among these two figures, the torque value of electric motor is 2 Nm under case 1 and the torque value is 1 Nm under case 2. According to this phenomenon, we clearly know that when the less length of the bypass pipe, the smaller resistance force that produced by air motor to the electric motor. And then we can save more energy of the batteries. Fig. 9 shows the current response of the battery by the different pre-set switching points and different loads. From this figure, we can observe the output current is 126A of the battery when the pre-set switching point is 0 rpm. That is, the maximum output current of the battery occurs the electric motor is operating in a standing start condition without the auxiliary power. Thus, the best method to saving the energy of the battery is to increase the pre-set switching point. The experimental data shows that the output current is 64A when the pre-set switching point is 1400 rpm. The current reduction of the battery is about 49% and then the service life of the battery can be greatly improved. The results also shows the efficiency trend clearly represents the higher efficiency can be obtained by the higher pre-set switching point. 
